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ABSTRACT  The precision of astrometric VLBl inecasurcments of
radio-emitting stars has improved significantly during the past several
ycars. lor some stars whose radio flux density is only a few mly the
formal error and epoch-to-epoch scatter in position is ~ 200--600 micro
arcscc. The intrinsic signal/1ioise ratio in the data should allow a
further order of magnitude improvement in astrometric precision as
sources of systematic error are better understood and corrected. Wider
bandwidth VL.BI data recording systems currently under development
will allow precisions of ~ 3 microarcsec if the measurements arc limited
by therinal noise. At this level planets with mass > 0.1 X Myupiter
could be detected forthe nearest radio cinitting stars.

INTRODUCTION

Astrometric monitoring of the minute displacement of a star around the
barycenter of the system that includes possible planetary companions has
been anindirect method for planet detection foiseveral decades at optical
wavelengths (van de Kamp and Lippincott 1951 ). Themotion of a single
planctin a circular orbitarounda star causes the star toundergoa circular
motion around the star-planet barycenter. When projected onthe sky, the
orbit of the star appears as an ellipse with angular semimajor axis 0 given by:
771,, a

0=y 4d (1)



where 6 isinarcseconds, the semimajor axis « isin AU, the mass of the planct
(m, ) and themmass of the star (M, ) areinsolar masses, and the distance d is

in pc. For example, if the solar system were obser ved from a distance of 10 pe
the presence of Jupiter would be revealed as a periodie elliptical displacement
inthe Sun’s position, with ain amplitude 6 of 0.5 milliarcsecond (mas) and a
period of 11 .9 years.,

Optical astrometry has generally been limited to a precision of a few tens
of mas but the best incasurements are now at the 1inas level (G atewood et
al. 1 992). Technical advances in Very Long Baseline Interferometry (VLBI)
with the Mark I1l data acquisition system (Rogers et al. 1 983) have provided
suflicient sensitivity to reliably detect radio emitting stars over the last few
years. We have carried out V09.Blincasurements of the position of the radio
star 62 CrB since 1987 and demonstrated that the level of precision is 0.2 mnas
during 5 years. This level of precision is not SNR-limited and might reach 20
mic.ro:wcscc.ends if all systematic errors cou Id beremoved by an improved
strategy of observation or data anal ysis. Suchahigh level of astrometric
precision makes the VI.BI technique a powerful new tool for planctary scarches.

RADIO-EMITTINGSTA S

There are about 4000 stars that exhibit radio emission as compiled by
Wendker (1987). About half of thesestars exhibit thermal fr~'(-frcc emission
fromn very large ionized circumstellar envelops that are fully resolved by
VI.BI observations. The ot her stars exhibit non-thermal radio emission
(gyrosynchrotron, synchrotron, colierent einission mechanisms) with typical
source sizes of a few mas or less. These nor-thermal radio emitting stars
belong to a wide varicty of physical classes, ¢.g. X-ray, RS CVn, Algol, d Me,
FIK Com, ‘1" Tauri. Many of these stars canbe detected by the sensitive Very
Large Array (VLA) in New Mexico, but are too weak to be detected by V19131
Their radio flux density is only a few milliJansky (mJy) or less, i.e., 100
1000 tiines weaker than compact extragalactic radio sources usually obscerved
by VI.BI. Nevertheless, 80 star s can be detected by phase referenced VILBI
observations and this number will grow with future improvements of the
technique.

We have selected 11 radio emit ting, stars with non- thermal emission (7
RS CVn, 2 X-ray and 2 Pre-Maiu-Sequence stars) for a high-accu racy VLBI
astrometric monitoring progra m in support of the Hipparcos mission. The
initial motivation of this program was to mcasure the radio positions arid
proper motions of radio stars which arc optically bright enough to be observed
by the Hipparcos satellite. T'his will allow us link the future Hipparcos optical
reference franie to an extragalactic [Ilssii]lclti;il reference system (Lestrade o
al. 1992).

The Hipparcos mission is expected to end in late 1993 or carly 1994, and
our supporting VLBl observations of radio emitting stars will end inmid -
1994, We intend to continue our VLBI observations Of stars beyond this date
with increased accuracy to scarch for extra-solar pla nets around the 7 stars in
Table 111 below. This table includes 5 of the closest stars from our Hipparcos
progran.



ASTROMETRY OF WEAK R ADIO SOURCISS

VLBI is an astronomical techuique using anarray of anitennas (two or more)
scparat ed by baselines of a few thousand kilometers which simultancously
observe the same radio source and record its continuum signal over alimited
bandwidth, typically afew tens of Mz, onmagnetic tapes. After the
observations, the tapes a re shipped to a processing facility andthe recorded
signals fromn cach pair of antennas are cross-correl ated on a specialized digital
processor. The observations are usually carried out at centimeter wavelengths
(1 to 30 GHz). Coherence of the radio signals recorded at antennas separated
by long distance is possible by locking the heterodyne reference frequency of
the recciver at each silt to a frequency standard such as a Hydrogen maser that
has a stability of ~10-'" ¢s. This allows coherent cross- correlation over 5-15
minutes at centimeter wavelengths. Consequently, the observed radio source
must have a flux density high enough to be detected over a similar integration
time. This is the reason why VLBI is less sensitive than tile VILA| which
is a connected interferometer with which one canintegrate data for several
hours if high sensitivity is required. of course, VLBl has a much finer angular
resolution than the VI, A reaching < 1 mas on intercontinental baselines. At
the VLBI processor, the cross-correlation of the recorded signals leads to the
measurement of the amplitude and phase of the complex visibility induced by
the source brightness distribution convolved withthe beain of the antennapair
for the duration of cachscan (typically afew minutes).

A's mentioned above, the cohierence thme in standard VILBI is severely
limited to less than ~ 15 minutes by the independent frequency standards
at the VI.3] stations. Whenaradio source is so weak thatit cannot be
detected within this duration, one has to resort to t he phase- roferencing V113
technique. This allows multiple scans to be combined in a single coherent
integration period , as we have demonstrated by our Hipparcos related V1]
astrometric program. A reference for the VEBI phase must be established by
observing an angularly ncarby strong extragalactic source alternately with
the weak program source with a cycle time of afew minutes (less than the
coherence time). Suchi a phiase referencing technique in V1Bl allows inereasced
sensitivity through use of much longer integration times (several hours) with
miniimum coherence loss. Thisstrategy also allows high- accuracy diflerential
astrometry because the prime observable used is the VIBI phase. The VILBI
interferometer produces milliarcsecond fringe spacings on the sky, and the
phase of the complex visibility derived from cross-corrvelation can be used to
measure the position of the radio source with an uncertainty corresponding to
a small fraction of this fringe spacing. The phase referencing, VI Bl technique
as appliedin our VI.Blastrometric program is describedin detail inl.estrade
ctal (1990).

VEBIOBSERVATTONS OF THE RADIO STAR o CrB3

o’ CrB3is an RS CVi close binary whose orbitalmotion has a period of 1.1
davandasemimajor axis of 0.3 mas. Phase- referenced VLT observations




of ¢? CrB were conducted at 12 epochs bet ween May 1987 and A ug ust 1992,
These epochs are listed in Table 1.

At 5 G Hz, our programused a VI,Bl array composed of the following
antennas: the phased VI A (NRAO, N.M ), Boun (MP1, Gerima ny), Medicina
(Bologna, Italy), Greenbank (NRAO, W, VA.), Haystack (MIT,MA.), OVRO
(Caltech, CA). At 8.4 Gllz, the VIBI array initially included the 70-m
DSN antenna at Goldstone (JPL, CA.), Hat Creck (Berkeley, CA.), OVRO
(Caltech, CAL), Haystack (MI'T, MAL), and the VLA (NRAO, N.M.). More
recently, our experiments at 8.4 GHz have used the 70-m DSN antenna at
Goldstone and several of the yewly commissioned VEBA antennas (usually
Brewster, I'ort Davis, and North Liberty). The total data integration
times were between 5 and 8 hours at cach epoch. The Mark-111 VI.B] data
acquisition system was used to record a bandwidth of 28 MHz (Rogers ¢t al.
1983). The correspon ding detection threshold is about 2 mly (100). All the
cross-correla tionof the recorded signals was carried out onthe Mark-1]] V1.131
processor at the Haystack Observatory. We use a non-standard fringe scarching
technique in which the residual geometric delay and fringe rate derived from
strong reference source fringes arc used to detect the much weaker fringes from
the star.

TABLE 1 VLBI Observations of ¢? Crl3 at 12 I pochs

Obser.  Orbital phase  Frequeney  IFlux density
Date (cycle) (GHz) (mJy)
87/05/26 0.56 5.() 10
88/11/16 0.93 5.0 28
89/04/13 0.25 5.0 7
90/04/21” 0.53 8.4 6
90/11/16 0.37 5.() 3.8
91 /0).1/12 0.86 8.4 195
91/09/14 0.53 5.0 4.3
92/01/1 5 0.88 8.4 4.6
92/04/05 0.96 8.4 18
92,/04 /22 0.76 8.1 6
92/06/08" 0.89 5. 13
92/08/03 0.06 &84 8.3

The 5 astrometric_parameters of o Crl3 (2 coordinates, 2 proper motion
components, and parallax) were estimated by aleast squares fit with the 24
coordinates measured atthe 1?2 epochs. Figure 1 shows the results of the fit.
The uncertaintics of the measured VLB coordinates were set ho. 2 milli-
arcsec to make the reduced- y ? close to unity for the number Of degrees of
freedonm in the fit (19). The weighted rms of the post-fit coordinate residuals
is ().2 mas. With suchan adjustment, the formal uvnecertainties for the 5 fitted
parameters are 0.08 mas for the refative position 1)(1ti'cell ¢? Crl¥andthe
reference source 1611+ 343, 0.04 mas/year for the proper motion and 0.08 mas
for the trigonometric parallax. The correlationmatrix indicates thatthe 5
paramectlers are well separated,




POST-FIT POSITION RESIDUALS FOR THE

STAR ¢ 2CrB
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Fig. 1. Result of the fit of the b astrometric parameters of o2 CrB3
adjusted to the coordinates measured by VI.Bl at 12 ¢}»ochs.

The number of degree of freedom (19) is high enoughto make the
statistical significance of the formaluncertainties reliable. Various tests have
been made for the robustuess of the solution. One test has been to make two
separate astrometric solutions, one with the first 6 epochs and one with the last
6 cpochs of Observations. ‘l'able 11 below indicates the parameter differences
between the two solutions.

TABLIS 11 Differences Between T'wo Astrometric Solutions

Parameter Differences o= \/crf 4 o
Na 4 0.18 mas 1.0&7
Ad - 0.32mas 1.507
Aptq 40.02 mas/yr 0.20
Apts - 0.14mas/yr 1.5
An -0.01 mas 0.10

Also, thebastrometric parameters of o Crl3 determined by VLBImatch,
within u ncertainties, the best (but less precise) optical determinations.

IMPLICATIONS FOR TH I<; PRESENCE OF PLANITS AROUND 02 CrB3

The lack of a sinusoidal signature inthe post-fit coordinates residuals of Iigure
1 sets a litnit on the presence of planets around o 2CrB. The rins of these




post-fit r esiduals ().’ 2 mas) is anupper limit on systematic departure from
lincar motion for the star. I%q. (1) can be used to exclude a range of planctary
perturbations by taking 20 = 0.2 m as, M, © 2.26 Mg, and d = 22.7 pc for o2CrB.
The log-logropresentationof eq (1) with these parameters is shiown in Figure 2.
The diagonal line of constant astrometr ic signature follows ¢q. (1) a nd all
points above this line represents larger pla netary perturbations. We assume
that a full orbital period of the planet must be samnpled during the total span
of obscrvations Lo separate the sinusoidal planetary signature fromthe fitted
lincar proper motion. In these conditions, the maximu m semima jor axis a of

a planct corresponds to the total observation spa n through the third Kepler
law. This upper Hinit 011 « is 3.8 AUfor our b years of observations andis the
vertical dashed line in Figure 2. The shaded area indicates the parameter space
(a, my ) that are excluded by our observations for a possible planct. Note that
fern = 3.8 AU, themass mn,is 0.0014 Mg, i.c. 1.4 times the mass of Jupiter.
Finally, on Figure 2, we have also shown where a Ju])iter-like planet would

fall. Interestingly, the present accuracy of our VLBlineasurement corresponds
exactly to the detection threshold for a Jl])itc]-like planetaroundo? CrB when
12 years of data are collected.

RELATIONSHIP BETWEEN THE ASTROMETRIC MEASUREMENT UNCERTAINTY AND
THE MINIMUM DETECTABLE PLANETARY PERTURBATION AROUND GCrB
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IYig. 2. Log-Log vepreseutation of eq (1) for the rins of the post-fit
coordinate residuals of o? CrB. The shaded arca is the parameter space
(semi-major axis @, mass my,) that arc excluded by our observations for a
planet orbiting, this star.




This interpretation is optimistic since Black and Scargle (1 982) note
that the the fitted lincar proper motion absorbs part of the planctary
perturbation. These authors show that with observations sampling a single
orbital period, the amplit ude of the planetary perturbation is underestimated
by as much as 47%. However, if the classical model (position, proper motion
and trigonometric parallax) is comple nie nted by a sinusoidal function and the
a priori values for the amplitude, period and phase chosen to ¢gver a large
volume of the parameter space, no absorption of the planctary perturbation
would occur andthe 3 additional parameters can be fitted.

o CrB is a triple system consisting of a visual pair witha G1V star
(o' CrB) separated by 140 AU (P:1000 years) from a spectroscopic binary
(6?2 CrB = FGV/1'8V) whose separation is 6 I, (P=-1.13 day). The two orbital
planes are co planar (Barden 1985). The radio emission is identified with the
spectroscopic binary classified as an RS CVn with two chiromospherically
active stars. The masses of these (wo stars, 1'6V and 18V are 1.12 and 1,14
Mg (Barden 1 985), respectively, and their sum, 2.26 M, has beenused in the
analysis above.

The location of theradio centroid within the spectrocopic binary is a
crucial question. If theradio emission is assoc. iated with ouly one of the stars,
then a peak-to peak displacement of ().6 mas correlated with the orbital phase
of the systCin Would be sceniinour coordinates restduals since the observations
were taken at various orbital phase of the spectroscopic system. A precise
ephemeris of orbital phase has been established for o2 CrB by Bakos (1984).
The post-fit residuals might bhe dominated by this orbital motion and we
arc investigating this possibility with additional observations to cover the
whole orbit uniformly. The stability of this radio centroid over time is an
important question for a planctary scarch. There is no detailed modcl of the
radio cmitting region that canbeused to derive this stability. It must be
determined observationally andtherms of our post-fit coordinate residuals (().2
mas or 1 Rgate?CrB3)can also beinterpreted as ameasure of this stability.
If theradio emission is coincident withone of the stars as expected, then
the astrometric error induced by its motion arou nd the other star could be
reduced drama tically by solving for the binary motion. We have confirmed that
theradio emission is indeed associated with asingle star inthe Algol system
(Lestrade et al. 1 993).

FUTURE VEBIASTROM IVTRIC OBSERVATIONS 10 SEARCH FOR
PLANETARY COMPANIONS

A's aby-product of our Hipparcos program, we have demonst rated that
phase-referenced VEBI observations of the radio star o? Crl3 can achieve an
astrometric precision of .2 mas (post- fit position residuals). Interestingly,

this precision corresponds about to the level of perturbation arou nd the linear
propermotionof thest i expected for a 3 1Ditc]-like planctoverse veral years.
Similar resul ts have been obtained for the other stars of our Hipparcos progran
but with ari astrometric precision 3 to H times larger. The best result is for

o? CrB because the angular separation between this star and the reference
source used is the smallest (0.5°).



The theoretical astrometric precision (SNR-limited) for phase-referenced
interferometry is

11 ,
7o hnSsNR'B )
(Thompson, Moran, and Swenson 1986). Jor our observations, 04,6 is 20
microarcseconds with /3= 3000 kin, A= 6 or 3.6 cmm and SNR. > 15.

Table 111 suinmarises the relevant information for the 7 radio emitting
stars four proposed astrometric scarch prograimn in order to compute the total
sky displacement 2 x 0 from cg. (1) e xp ected for a Jupiter-like planet around
these stars. The magnitude of 2 x 0 in the last column of this Table compare
favorably to the potential SNR-1 mited astrometric precision (eq. 2) of phase-
referenced V1Bl observations on US-continental baselines (B= 4000 km).

The last 2 stars in *Jable 111 (Hubble 4 and HD¥283572 of the Taurus-
Auriga dark clouds) arc Pre- Maiu-Sequence stars that are not part of our
current, Hipparcos program but have been detected on intercontinental VI.BI1
baselines by PPhillips, Lonsdale and Feigelson (1991). These two stars were also
part of a survey at 1.3 millimeter and were not detected while others stars
of the cloud were detected. The 1.3 millimeter detections were interpreted
as evidence for a dust, disk aroundthe stars, i.e. proto-planctary material
(Beckwith et al. 1990). So one canspeculate that Hubble 4 and HDI5283572
arcmore evolved and, possibly, that their initial dust-disks have already
collapsed into plancts.

TABLIS 111 'The 7 Radio Stars of our VLBIProgram

Star Class  Distance M asses (M) Spectral 2 X upiter

(pc) hot/cool Type (yras)
UX Ari RS CVn 50  >0.63/>0.71 G5V/KO0IV <160
Il R1099 RS CVn 36 1.1/1.4 G5IV/K11V 100
HR5110 RS CVn 53 1.5/0.8 12V/GO1V 80
o? CrB RS CVn 21 1.12/1.14 16V GOV 210

AR lac RS CVn

47
Higaseo PR 160

>1 .3/>1 .3 G2V KOV <80
A

(A I o T S

The astrometric precision achieved for ¢ CrB3 (0.2 milliarcsecond) is ten
times the SNR-H mited precision calculated above (20 microarcseconds). There
arce at least three systematic error sources t hat prevent current observations
from reaching, this ultimate precision: 1) the extr apolation of thereference
source VLBIlphasein beam-switched observations to the time of the star
obscrvation, “2) the difle rential contribution of the atmosphere andionosphere
along the twolines of sight to the reference source and target star, and 3) the
radio morphology of thereference source and, possibly, of the star.

During the next 1-2 years, we intend to study the best approach to reduce
these systematicerrors:



1) by using faster switching time between observations of the star and
reference source possible with the new VEBA antennas.

2) by using GP’S data to calibrate the jonosphere. Dual-frequency GPS
receivers should be installed at all VI BA ante nnas, shortly.

3) by breaking our VI.Blobservations into 3-hour segments to interleave
I-hour obscrvations of standard astrometri ¢ calibrators to calibrate the
troposphere.

4) by scarching for closer reference sources than the ones we used for
our Hipparcos program. Closer reference sources (< 0.5°) should be
found at least for some of the 7 proposed stars. ‘1'heir radio flux density
will likely be weaker but we shall determine their absolute position
relative to our currentreference sources by conducting phase-referenced
VIL.BI observations. This “bootstrap” procedure will yield at lcast 1
milliarcsecond accuracy for thereference source and this will be entirely
sufficient to measure the small differential position perturbation of the
star caused by aplanct.

5) by mapping the reference sources and accounting for the corresponding

source structure in our differential measurement.

6) by upgrading the software SPRINT (Software for 1’hase-Referen ced
INTerferometry) that we have developed for the Hipparcos-related V9LBI
program whose astrometric accuracy was less stringent than for the
proposed program,

<7y by incorpora ting orbitalmotion of the subgiant (in binary systems) into
our astrometric fitting software.

over thenext three years, we plan to use one star, o? CrB3, as a test-
bed to reduce the present systematic errors in our astrometric measureinent
and, possibly, reach the SNIL-limited precision of 20 microarcsecond o1 US-
continental basclines. The sensitive Deep Space Network 70 meter antenna
at Goldstone along with the US-continental VI. BA antennas in Washington
State, New Mexico, Arizona, Texas, lows, and New Hampshire will provide
arclatively continuous range of baselines from 1000 kin to 4000" ki which
correspond exactly totheangular resolution that is required for the RSCVn
non-thermal radio stars we propose to observe. We shall also search for
suitable new an gularly closer reference sources to all the 7 stars inthe Table
above. Finally, we shall initiate a long-term program of V1IBI observations
to detect possible planetary perturbations around their lincar proper motion.
This obviously will involve observations at least as long as 10 years.

We have not included any nearby radio emitting red dwarf stars (dMc)
inour current list of target stars because our strategy of observations requires
that the stars be reliable at a flux density level of 2 mJy. The stars in the table
above are highly variable but their flux density history shows that they are all
rcliable at the 2 mJdy level. Thisminimum required flux density will decrease
when the Green Bank Telescope and wider bandwidth VI,BI recording systems
(Mark-1V) become available. At thattime it will be possible to significantly
increase the list of nearby stars to whicl this planctsearclitechnique can e
applied.



SUMMARY

The detection of other planctary systems is fundamental to increasing our
understanding, of the origin, evolution, and frequency of such systeins. Many
planct detection techniques are being developed, each with its own strengths
and weaknesses. The major strength of high-precision VEBI astrometry is
that it is already close to demonstrating an ability to detect or rule out the
existence of gas giant plancts orbiting nearby radi o-emitting stars. in addition,
its application to this ficld requires nonew facilities or instrumentation. The
major weakness of VLBl is that it alows us to study planctary systeins around
ouly relatively unusual stars. However, therecent discovery of planets orbiting
a pulsar demonstrates rather spectac ulary the fact that planetary systems
neednot be associated only with “normal” stars. Indeed, one of the basic
questions about the origin of solar systems and extraterrest rial life is the range
of conditions under which planets can form. Iuture VI.BI scarches for planets
orbitli ng radio emitting stars would provide valuable data to help answer this
question.
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